We have developed a reliable procedure for the puriflcation of envelope membranes from cauliflower (Brassica oleracea L.) bud plastids and sycamore (Acer pseudoplatanus L.) cell amyloplasts. After disruption of purified intact plastids, separation of envelope membranes was achieved by centrifugation on a linear sucrose gradient. A membrane fraction, having a density of 1.122 grams per cubic centimeter and containing carotenoids, was identified as the plastid envelope by the presence of monogalactosyldiacylglycerol synthase. Using antibodies raised against spinach chloroplast envelope polypeptides E24 and E30, we have demonstrated that both the outer and the inner envelope membranes were present in this envelope fraction. The major polypeptide in the envelope fractions from sycamore and cauliflower plastids was identified immunologically as the phosphate translocator. In the envelope membranes from cauliflower and sycamore plastids, the major glycerolipids were monogalactosyldiacylglycerol, digalactosyldiacylglycerol, and phosphatidylcholine. Purified envelope membranes from cauliflower bud plastids and sycamore amyloplasts also contained a galactolipid:galactolipid galactosyltransferase, enzymes for phosphatidic acid and diacylglycerol biosynthesis, acyl-coenzyme A thioesterase, and acyl-coenzyme A synthetase. These results demonstrate that envelope membranes from nongreen plastids present a high level of homology with chloroplasts envelope membranes.
ABSTRACI
We have developed a reliable procedure for the puriflcation of envelope membranes from cauliflower (Brassica oleracea L.) bud plastids and sycamore (Acer pseudoplatanus L.) cell amyloplasts. After disruption of purified intact plastids, separation of envelope membranes was achieved by centrifugation on a linear sucrose gradient. A membrane fraction, having a density of 1.122 grams per cubic centimeter and containing carotenoids, was identified as the plastid envelope by the presence of monogalactosyldiacylglycerol synthase. Using antibodies raised against spinach chloroplast envelope polypeptides E24 and E30, we have demonstrated that both the outer and the inner envelope membranes were present in this envelope fraction. The major polypeptide in the envelope fractions from sycamore and cauliflower plastids was identified immunologically as the phosphate translocator. In the envelope membranes from cauliflower and sycamore plastids, the major glycerolipids were monogalactosyldiacylglycerol, digalactosyldiacylglycerol, and phosphatidylcholine. Purified envelope membranes from cauliflower bud plastids and sycamore amyloplasts also contained a galactolipid:galactolipid galactosyltransferase, enzymes for phosphatidic acid and diacylglycerol biosynthesis, acyl-coenzyme A thioesterase, and acyl-coenzyme A synthetase. These results demonstrate that envelope membranes from nongreen plastids present a high level of homology with chloroplasts envelope membranes.
The feature shared by all plastids (proplastids, leucoplasts, amyloplasts, chromoplasts, etioplasts, and chloroplasts) is a pair ofouter membranes, known as the envelope (12) . Together, these membranes provide a flexible boundary between the plastid and the surrounding cytosol. Unfortunately, work on the envelope membranes from nongreen plastids has lagged far behind that conducted on their chloroplast counterpart mostly because it is very difficult to prepare large amounts ofintact nongreen plastids free from contaminating membranes and mitochondria. Among nongreen plastids, chromoplasts and etioplasts have been the main sources for investigations on the structure, chemical composition, and functions of envelope membranes (for a review, see Douce et al. [ 12] ). However, except for the work of Fishwick and Wright (14) on envelope membranes from potato tuber amyloplasts, no studies on starch-containing plastids are available, mainly because the presence of starch grains makes the preparation of intact plastids, and consequently of envelope membranes, difficult.
Recently, Journet and Douce (17) developed a procedure for the preparation of large amounts of intact and highly purified starch-containing plastids from cauliflower buds. These plastids, limited by the two envelope membranes, contain almost no internal membranes; when present, these membranes appear to be connected to the inner envelope membrane (see Fig. 1 harvested during exponential growth (3-5 d after the beginning of the culture). Fifteen h prior to the experiment, the cells were transfered to a sucrose-free medium in order to decrease the amount of starch within amyloplasts. This step was essential to improve the yield of intact plastids at the end of the preparation. The events which trigger starch breakdown under these culture conditions have been described by Journet et al. (18) . The cells were washed twice in culture medium and 0.5 M mannitol.
Protoplasts were then prepared as described by Journet et al. (18) . The protoplast pellet was then washed once and resuspended in 150 ml of the following medium: 0.5 M mannitol, 20 mM MOPS'-NaOH (pH 7. (17) .
The broken plastid suspension (3.5 ML, 50-80 mg protein) thus obtained is layered on top of a linear sucrose gradient (total volume, 7.5 ML) made of 0.4 to 1.2 m sucrose, 10 mm tricineNaOH (pH 7.8), and 4 MM MgCl2 ( Fig. 1) . At the bottom of the gradient, a 2 mL sucrose (1.2 m) cushion, containing 10 mm tricine-NaOH (pH 7.8) and 4 mm MgCl2, was layered prior to the sucrose gradient (Fig. 2) . Centrifugation (SW 40 rotor, Beckman) for 15 h at 71,000g (Rmax) resulted in the separation of three fractions: a supernatant, containing the soluble material, on top of the tube; a dense white starch pellet covered by a loose greenish pellet at the bottom of the tube; and a large yellow band, in the middle of the tube (Fig. 1 ). For most of the studies, the content of the tube was fractionated in about 20 fractions (650 ML each), using a peristaltic pump (Gilson minipuls) and a fraction collector, whereas the green pellet was resuspended in a minimal volume of 10 mm tricine-NaOH (pH 7.8). In some experiments, the supernatant and the yellow band were removed successively from the top of the tube using a Pasteur pipette. In this case, the yellow fraction was diluted with swelling medium devoid Of MgCl2 (final volume, 13 ML) and centrifuged (rotor SW 40, Beckman) for 1 hat 21 8,000g
(Rm(). The pellets obtained were resuspended in a minimal volume of medium containing 0.3 m sucrose, 10 mm tricine-NaOH (pH 7.8) using a PotterElvehjem homogenizer. Figure 2A shows the protein distribution and the sucrose density along the tube after centrifugation. Most whereas the yellow band represented only about 2 to 3% of the loaded protein (Table I ). The sucrose density at the maximum of the protein peak for the yellow band was 1.122 g/cm3, a value very close to that previously determined for chloroplast envelope vesicles (12) . Characterization of the different fractions was done by following the distribution of marker enzymes along the sucrose gradient.
Distribution of Marker Enzymes Along the Sucrose Gradient.
Since the cauliflower plastids used for the experiment were devoid of contamination by cytosolic enzymes (see above), it was possible to use the distribution of phosphoglucose isomerase-an enzyme from plastid glycolysis (17)-for the characterization of stroma. As expected, phosphoglucose isomerase was exclusively localized in the top part of the gradient (Fig. 2B) . MGDG synthase, a marker enzyme for the chloroplast envelope ( 12) , was mostly present (70% of the total activity) in the yellow band (Fig. 2B) . Therefore, one can conclude that the yellow band contains envelope membranes from cauliflower plastids. MGDG synthesis activity in the pellet represented about 20% of the total activity recovered in the gradient. In fact, careful washing of the pellet followed by centrifugation on sucrose gradients removed most of the MGDG synthase from the pellet (see below, Table  II ), demonstrating that the green pellet was contaminated by envelope membranes.
In addition, we have verified that none of the plastid subfractions, and especially the envelope membrane fraction, were contaminated by microsomal, mitochondrial, or peroxisomal membranes since they did not exhibit any activities typical of these membranes such as NAD(P)H:Cyt c-, succinate:Cyt c oxidoreductase (1 1). Analyses of envelope lipids (see below, Table  II ) also demonstrate the very low level of contaminating extraplastidial membranes. Using the procedure described above, the yield of purified envelope membranes was 1 to 2 mg protein (i.e. about 2-3% of the plastid protein), starting from 4 to 5 kg of cauliflower buds. Similar yields were obtained when using a Modification of the Procedure for the Preparation of Envelope Membranes from Sycamore Amyloplasts. The differences with the method described above are the following: (a) a simple osmotic shock was sufficient for the disruption of the envelope membranes, (b) the swelling medium as well as the layers of the sucrose gradient were devoid of MgCl2, (c) protease inhibitors were added in all media used and at all the steps of the purification.2 With sycamore amyloplasts, only a starch pellet, devoid of any membrane, was obtained at the bottom of the tube. The sycamore amyloplast envelope membranes were also characterized by (a) their density (1.12 g/cm3), (b) the presence of carotenoids (see below), and (c) the presence of MGDG synthase (see below, Table II) . From 150 to 200 g of isolated sycamore cells, the yield of purified envelope membranes was only 0.2 to 0.3 mg, i.e. about 20 to 30% of the amyloplast protein (Table I) . The membrane to soluble protein ratio is much higher in amyloplasts than in cauliflower plastids (Table I) , owing to the large starch grains.
Absorption Spectrum. The presence of a yellow band and a green pellet after fractionation of cauliflower bud plastids prompted us to analyze their absorption spectra. The yellow envelope band obviously contains carotenoids, as shown by the typical three-banded absorption spectrum of a lipid extract of the fraction (Fig. 3) . The amount of carotenoid was about 3 to 5 (12) . The presence of green membranes, just on top of the starch pellet, at the bottom of the tube was surprising since cauliflower buds are apparently devoid of Chl. Indeed, the absorption spectrum of a lipid extract of the pellet clearly demonstrate the presence of a peak at 664 nm corresponding to Chl (Fig. 3) . Thus, it is likely that the pellet consists of fragments of the poorly developed internal membrane system (prethylakoids) ofcauliflower bud plastids (see Fig. 1 from Ref. 17) . Their limited development within these plastids was responsible for the apparently white color of cauliflower buds. However, the major peak at 450 nm in the absorption spectrum of the green pellet demonstrates that carotenoids are present in larger amounts (compared to Chl) than in normal chloroplast thylakoids (12) . Since most of these carotenoids can be removed by a careful washing of the pellet, they reflect, in large part, the contamination of the green pellet by envelope membranes containing carotenoids, as suggested above. Furthermore, the lack of Chl in the envelope fraction (Fig. 2) demonstrates the absence of cross-contamination of envelope membranes by the green internal membranes.
With envelope membranes from sycamore amyloplasts, an absorption spectrum typical of those of cauliflower plastids ( Fig.   2 ) and spinach chloroplasts was obtained (not shown), thus demonstrating the presence of carotenoids. In this case, the carotenoid content of the sycamore envelope membranes was 6 to 8 lsg/mg protein; of course, no Chl was detected.
Immunodot Analyses. Preliminary experiments by double immunodiffusion using antibodies to polypeptides from chloroplast envelope, stroma, and thylakoids (22) have demonstrated that envelope membranes from cauliflower plastids and sycamore amyloplasts react with antibodies to chloroplast envelope polypeptides, but not with antibodies to stroma or thylakoid polypeptides. To determine unambiguously whether the envelope fraction from nongreen plastids contained both envelope membranes, we analyzed the presence of E30 (a polypeptide corresponding to the phosphate translocator), and E24, inner and outer envelope membrane markers, respectively, by immunoblotting (5). With cauliflower envelope membranes, the immunodot microfiltration assay was performed using a wide range of protein concentrations and rabbit antibodies to E24 and E30 (Fig. 4) . A strong reaction was obtained with anti-E30 diluted from1/100 to1/1000 at envelope concentrations between 2.46 ,tg and 64 ng protein (Fig. 4A) . A much weaker, but obvious, reaction was obtained between 10 ,ug and 125 ng envelope protein with anti-E24 diluted from 1/50 to 1/500 (Fig. 4B) . In contrast, no reaction was obtained when preimmune sera were used (not shown). Therefore, we can conclude that the envelope fraction from cauliflower bud plastids contains both outer and inner envelope membranes. Similar results were obtained with envelope membranes from sycamore amyloplasts. Finally, analyses of the green pellet obtained after fractionation of cauliflower plastids with antibodies to E30 and E24 also demonstrate that some envelope membranes indeed contaminated this fraction, as suggested above.
Polypeptide Composition. In whole cauliflower plastids and isolated subfractions (stroma, envelope, and pellet), the polypeptides separated with our gel system had Mr values from less than 15,000 to more than 100,000 (Fig. 5) . The polypeptide patterns were extremely complex, each fraction analyzed containing more than 100 distinct bands after staining with Coomassie blue. Since addition of protease inhibitors to the different media used for cauliflower bud plastid fractionation had only a limited effect, we can conclude that the complexity of the polypeptide patterns is not due to proteolytic digestion of polypeptides during the purification procedure. instance, the stromal fraction was characterized by a doublet around 90,000 D (Fig. 5, lane 1) which was barely detectable in the envelope fraction (Fig. 5, lane 2) . This observation confirms the previous data (Fig. 2B) showing the absence of a stromal enzyme (phosphoglucose isomerase) in the envelope fraction. The Mr of the major polypeptide in the cauliflower envelope fraction was about 28,000. This polypeptide was barely detectable in the stroma fraction, and was present in low amounts in the pellet (Fig. 5, lanes 1-3) . Its low abundance in the whole plastid preparation (Fig. 5, lane 4) reflects, as previously shown (Fig. 2) , the minor importance (on a protein basis) of the cauliflower envelope membranes within the plastid fraction.
Comparison of cauliflower envelope and pellet polypeptide patterns is interesting (Fig. 5, lanes 2 and 3) . As described above, some envelope polypeptides are present in low amounts in the pellet. This situation probably reflects the contamination of the pellet by envelope proteins. However, several stained bands, such as a 31,000-D polypeptide distinct from the phosphate translocator (see below), are present in almost similar proportions in the envelope fraction and in the pellet (Fig. 5, lanes 2 and 3) . It is possible that these polypeptides are different and just have a similar electrophoretic mobility in common. However, it cannot be excluded that they are identical. A possible explanation for such a result is provided by the unique structural features of cauliflower bud plastids: the internal membranes are frequently connected to the inner envelope membrane (see Fig. 1 from Ref. 17 ). Therefore, it is possible that the two membrane systems share some common proteins, such as the 31,000-D polypeptide (Fig. 5, lanes 2 and 3) . Work is currently in progress in our laboratory to characterize more clearly the relationship between the inner envelope membrane and the internal membranes from cauliflower plastids.
We have previously shown that envelope membranes from cauliflower bud plastids and sycamore amyloplasts react with an antibody to E30, a polypeptide involved in the phosphate/triose phosphate transport across the inner envelope membrane (15) . Western blotting experiments with our antibody to spinach E30 clearly demonstrate that the major 28,000-D polypeptide of the cauliflower envelope fraction and the phosphate translocator from spinach chloroplasts have closely related antigenic sites (Fig. 6) phosphate translocator (Fig. 7 ). These observations demonstrate that there are probably only limited differences between the sequence of the phosphate translocator in spinach, cauliflower, and sycamore, since good cross-reactivity of the antibody was observed between all these species, despite the differences in Mr.
Glycerolipid Composition. A galactolipid:galactolipid galactosyltransferase, localized on the outer envelope membrane of spinach chloroplasts (8) , catalyzes the interlipid exchange of galactose between galactolipid molecules and induces the formation of unnatural galactolipids such as tri-GDG and tetra-GDG, and diacylglycerol from MGDG during envelope purification (29). Analyses ofthe glycerolipid composition of sycamore and cauliflower plastid envelope membranes suggest that this enzyme was also active in nongreen plastids: Table II shows that envelope membranes from both sycamore and cauliflower plastids (which have a very similar glycerolipid composition, see Table II ) contain diacylglycerol, tri-GDG, and tetra-GDG. Consequently, in order to obtain a glycerolipid composition which represents the in vivo situation, the galactolipid:galactolipid galactosyltransferase must be destroyed prior to fractionation of cauliflower plastids. This was achieved by thermolysin treatment of intact plastids, as demonstrated for chloroplasts by Dome et al. (8) . Unfortunately, due to the extreme fragility of sycamore amyloplasts containing large starch grains, such a treatment was not possible with these organelles.
The glycerolipid composition of envelope membranes from cauliflower bud plastids, after thermolysin treatment, is given in Table II . The major components are galactolipids (MGDG and DGDG) and PC. As expected, after thermolysin treatment no diacylglycerol was detected. The MGDG to DGDG ratio was 1:15 (but only 0.5 when untreated cauliflower plastids were used). Comparison with envelope membranes from spinach chloroplasts or from pea etioplasts, after thermolysin treatment, dem- Untreated and thermolysin-treated plastids from cauliflower buds and untreated amyloplasts from sycamore cells (see "Materials and Methods") were used for these experiments. Due to the fragility of amyloplasts, thermolysin treatment is not possible with these plastids. Envelope membranes were prepared as described under "Materials and Methods." Glycerolipids were extracted and analyzed as described under "Materials and onstrated an almost identical pattern (13) . Thus, one can conclude that the glycerolipid content is highly stable among the different plastids. It is also possible to suggest that the high amounts of PC found in envelopes from cauliflower bud plastids and sycamore amyloplasts (Table II) reflects the presence of the outer envelope membrane in our fractions. In pea (7) as well as in spinach (6) the outer envelope membrane. Finally, it is now widely accepted that the presence of PE in chloroplasts reflects contamination by extraplastidial membranes (12, 13) . Table II confirms the observation that low levels (less than 1%) of contaminating extraplastidial membranes are present in envelope fractions, as indicated above.
Distribution of Enzymatic Activities Involved in Glycerolipid Biosynthesis. We have previously characterized more than 20 different enzymatic activities in envelope membranes from spinach chloroplasts (10, 12) . To determine whether this was a general feature in envelope membranes from cauliflower bud plastids and from sycamore amyloplasts, we analyzed some of the chloroplast enzymes involved in lipid metabolism. Figure 2 demonstrates that envelope membranes from cauliflower bud plastids contain the enzyme responsible for MGDG biosynthesis. The same is true for envelope membranes from sycamore amyloplasts (Table III) .
Furthermore, Table III presents the distribution of two acyltransferases involved in the biosynthesis of phosphatidic acid. The first enzyme, an acyl-CoA(ACP):sn-glycerol 3-phosphate acyltransferase, involved in the biosynthesis of lysophosphatidic acid was recovered together with the soluble fraction (Table III) . This result is in complete agreement with data on chloroplasts (2, 19) , but in contrast with the data of Fishwick and Wright ( 14) which showed that in potato tuber amyloplasts, the enzyme was membrane-bound. The reason for such a discrepancy is not yet clear, since in amyloplasts from sycamore cells (Table III) , we found the same result as in spinach chloroplasts and cauliflower bud plastids.
The second enzyme, an acyl-CoA (ACP:monoacyl-sn-glycerol 3-phosphate acyltransferase, was associated with the envelope membrane fraction (Table III) . Again this result was confirmed with envelope membranes from sycamore amyloplasts (Table  III) and is in good agreement with our observations with chloroplast envelope membranes (19) . However, in cauliflower bud plastids, about 50% of the total activity was recovered with the green pellet, which was a higher figure than expected from our data on galactosyltransferase distribution ( Fig. 1 ; Table III ). Most of the activity could be removed by washing the pellet (Table  III) , but the presence of this enzyme in the pellet cannot be entirely ruled out (this problem is presently under investigation).
Table III also shows the distribution oftwo enzymes associated with acyl-CoA thioesters (acyl-CoA synthetase and acyl-CoA thioesterase). Again, both enzymes are associated with envelope membranes of plastids from cauliflower buds and sycamore cells (Table III) , a situation identical to that observed in chloroplasts (12) . DISCUSSION Several lines of evidence can be presented for the characterization of the membrane fraction isolated from cauliflower bud plastids as the envelope. First, this membrane fraction has a density of 1. 122 g/cm3, a value almost identical to that ofspinach chloroplast envelope membranes. Second, this membrane is yellow and contains carotenoids. Third, this membrane fraction is a major site for lipid synthesis: the site of incorporation of galactose from UDP-galactose into MGDG, it contains the enzymes of the Kornberg-Pricer pathway together with acyl-CoA synthetase and thioesterase. Fourth, we have identified immunologically the phosphate translocator, involved in the exchange of triose phosphate and phosphate between the cytosol and the plastid stroma (15) . Finally, the glycerolipid composition of nongreen plastid envelope fraction is almost identical to that of spinach chloroplast envelope. Therefore, this identification is unambiguous. In addition, both envelope membranes are present in our membrane fraction. Carotenoids are present in envelope membranes from cauliflower bud plastids and sycamore amyloplasts as in all carefully prepared envelope membranes: the absorption spectrum obtained with envelope membranes from these nongreen plastids were identical to those from spinach chloroplasts or potato tuber amyloplasts (12) . In addition, Fishwick and Wright (14) have found that the carotenoid content and composition ofamyloplast envelope membranes were similar to those of spinach chloroplasts. Therefore, we can conclude that carotenoids are genuine constituents of envelope membranes from chloroplasts as well as from nongreen plastids.
The glycerolipid composition of envelope membranes is remarkably stable among the different plastids. Only a few percent difference can be noticed in the glycerolipid content of envelope membranes from spinach chloroplasts, pea etioplasts, or cauliflower plastids (12, 13 
